To study the role of the interferon-(IFN) 
Interferon-␥ (IFN-␥) is a dimeric glycoprotein that has a variety of immune regulatory functions. Although the production of IFN-␥ can be induced in several cell types (1), most IFN-␥ secreted in an immune response is produced by activated T cells and natural killer (NK) cells (reviewed in refs. [2] [3] [4] . The cell surface receptor complex for IFN-␥ is composed of two chains, termed either IFN-␥R1 and IFN-␥R2 or IFN-␥R␣ and IFN-␥R␤, respectively (reviewed in refs. [4] [5] [6] . The IFN-␥ homodimer binds two molecules of the IFN-␥R1 receptor chain. Although the IFN-␥R2 chain, which is also termed accessory factor 1, cannot bind IFN-␥ by itself (7) , it is required for IFN-␥ signaling and receptor complex formation (8) (9) (10) (11) (12) (13) (14) .
Previous work has established the role of JAK and STAT molecules in IFN-␥ signaling (reviewed in refs. 4 and 15) . Two JAK kinases, Jak1 and Jak2, are required for the initiation of IFN-␥ signaling (12, (16) (17) (18) (19) . Jak1 is constitutively associated with the IFN-␥R1 while Jak2 is associated with the IFN-␥R2 (12, 19) . Upon addition of IFN-␥, JAKs are activated and phosphorylate the IFN-␥R1 (20) (21) (22) . The phosphorylated receptor recruits the cytoplasmic transcription factor Stat1 to the receptor complex. Activated JAKs are then able to phosphorylate the recruited Stat1 on tyrosine 701 (17) . Two phosphorylated Stat1 molecules then homodimerize through interaction between their SH2 domains and phosphorylated tyrosine motifs. Subsequently, this dimeric Stat1 complex translocates into the nucleus to activate gene transcription (23, 24) . In addition to the JAK-STAT pathway, there is evidence that several other signal transduction pathways, such as protein kinase C, sphingomyelin hydrolysis, and IRS-2, can be activated by IFN-␥ (2, (25) (26) (27) (28) . However, the analysis of Stat1-deficient mice supports the concept that Stat1 is required for most of the biologic responses induced by IFN-␥ (29, 30) .
The ability of certain T cells to respond to IFN-␥ is highly regulated through the modulated expression of the IFN-␥R2 gene. Previous work has demonstrated that the IFN-␥R2 gene is expressed in Th2 cells but not in Th1 cells. The lack of IFN-␥R2 renders Th1 cells unresponsive to IFN-␥. In contrast, the IFN-␥R1 chain is expressed at a similar level in both cell types (31) (32) (33) (34) . Interestingly, when naive T cells from the IFN-␥R1-deficient mice are differentiated in vitro to Th1 cells by interleukin (IL) 12, the expression of the IFN-␥R2 gene is not decreased (34) . This result suggests that the downregulation of the IFN-␥R2 may not be intrinsically linked to the polarization of cells to the Th1 lineage. In contrast, Th2 populations, generated in the presence of both IL-4 and IFN-␥ expressed levels of the IFN-␥R2 mRNA similar to those produced by cells differentiated in the presence of IL-4 only (35) . This result suggests that the IFN-␥R2 down-regulation is not simply the desensitization to IFN-␥, but is coupled to the IFN-␥-dependent Th1 differentiation pathway. However, because these studies have been performed in vitro with cultured primary T cells or clones, it is not clear whether the downregulation of IFN-␥R2 is essential for Th1-mediated immune response in vivo.
To further elucidate the role of IFN-␥R2 in vivo, IFN-␥R2-deficient (Ϫ/Ϫ) mice were generated by gene-targeted mutagenesis. IFN-␥R2 Ϫ/Ϫ mice developed normally and were fertile. Nevertheless, these mice display profound defects in IFN-␥ responsiveness as measured by JAK/STAT activation in multiple cell types. Several immune responses that are induced by IFN-␥, such as Ig class switching and Th1 differentiation, are altered in these mice. In addition, these mice are susceptible to the intracellular parasite Listeria monocytogenes. These results demonstrate an essential role of IFN-␥R2 in IFN-␥-mediated immune responses.
previously (37) . Genomic DNA was cut by BamHI and blotted by probe A which is a cDNA fragment corresponding to exon 3 of the murine IFNGR2 gene. The correct targeting was confirmed by blotting the same membrane with a neo cassette probe and was further confirmed by cutting genomic DNA by XbaI and probed by probe B which is a cDNA fragment corresponding to exon 1 of the murine IFNGR2 gene.
B Cell Isolation and Culture. IgM ϩ B cells were isolated with a MiniMACS cell sorting column by the standard procedure described by the vendor (Miltenyi Biotec, Auburn, CA). The cells were then cultured at a concentration of 1 ϫ 10 5 cells/ml and lipopolysaccharide (LPS) added at 10 g/ml, IL-4 at 50 ng/ml, and IFN-␥ at 30 units/ml. Four days later cells were split one to two, and Ig isotypes in the media were measured 2 days later by ELISA.
In Vitro Differentiation of T Cells. The isolation of naive CD4 ϩ T cells was described previously (38) . Briefly, the splenocytes were incubated with anti-CD8, anti-B220, and anti-Mac-1 antibodies. The CD4 ϩ T cells were then enriched by negative depletion of CD8 ϩ T cells, macrophages, and B cells by magnetic beads coated with anti-mouse antibodies (Dynal, Lake Success, NY). The Mel14 ϩ and CD4 ϩ T cells were purified by cell sorting with a flow cytometer (FACStar, Becton Dickinson). Cells (3 ϫ 10 5 cells/well) were cultured in anti-CD3 antibody-(PharMingen) coated 24-well plates. Various cytokines and antibodies were added to these cultures: murine IL-2 at 1 ng/ml, murine IL-4 at 10 ng/ml, murine IFN-␥ (Genzyme) at 10 ng/ml, anti-IL-4 antibodies at 10 g/ml, and anti-IFN-␥ antibody at 15 g/ml. The cells were cultured for 7 days. Then the cells were plated on a new ␣-CD3-coated 24-well plate at 5 ϫ 10 5 /well for 2 days.
Protein Immunoprecipitation and Electrophoretic Mobility Shift Assay. Extracts were precleared by the addition of 3 l of preimmune serum with protein A-Sepharose (Oncogene Science) beads per 2 mg of whole-cell extract. After mixing at 4°C for 2 h, supernatants were collected and divided into 2-mg aliquots. Antiserum (1:100 dilution; Upstate Biotechnology, Lake Placid, NY) was added to each of these samples and allowed to incubate at 4°C overnight. Subsequently, 15 l of protein A-Sepharose was added, and samples were agitated for an additional 90 min. The immunoprecipitates were then collected and washed three times in 500 l of lysis buffer (39) . Electrophoretic mobility shift assay was previously described (39) .
Northern Blot Analysis. Northern Blot analysis was carried out according to a standard protocol (40) . The DNA fragments used as probes for IRF-1 and GBP-1 expression were amplified by reverse transcriptase-PCR.
Contact Hypersensitivity. Female IFN-␥R2 ϩ/ϩ and IFN-␥R2 Ϫ/Ϫ mice were sensitized by the epicutaneous application of 400 l of 0.5% fluorescein isothiocyanate (FITC) to the shaved abdomen. Six days after sensitization, the baseline ear thickness of the mouse's right ear was measured with a thickness gauge (Meegan Tool Sales, Glastonbury, CT). Following ear baseline measurements, the right ear was epicutaneously treated with 10 l of 0.5% FITC and the right ear thickness was measured 24 hr later.
RESULTS
Generation of the IFN-␥R2 Chain-Deficient Mice. The IFN-␥R2-targeting vector (Fig. 1A ) was constructed from a 11-kb DNA fragment derived from a mouse 129/Sv genomic library. Within the construct, the second coding exon, which encoded a large region of the extracellular domain of the IFN-␥R2 (36) , was replaced by a neomycin resistance gene (neo). This DNA construct was introduced into W9.5 ES cells (37) by electroporation, and transfectants were selected with G418 and FIAU. Resistant colonies were screened by Southern blot hybridization with a probe generated from exon 3 (Fig.   1B ). Two different clones that had targeted the IFN-␥R2 gene by homologous recombination were injected into C57BL/6 blastocysts to generate chimeric mice. Chimeric mice derived from both clones transmitted the mutation to their offspring.
In a specific pathogen free facility, mating heterozygotic mice produced offspring with a normal Mendelian segregation pattern. The mutant mice developed normally and all tissues and organs appeared to be intact. Fluorescence-activated cell sorter analysis of thymus, spleen, bone marrow, and peritoneal cells using surface marker such as CD3, CD4, CD8, B220, IgM, CD23, and CD40 did not detect significant changes of major leukocyte populations (data not shown).
Mutation of IFN-␥R2 Results in Defective IFN-␥ Signaling. The requirement for Jak1 and Jak2 in IFN-␥ signaling has led to a model which proposes that oligomerization of the IFN-␥R1 chain (which binds Jak1) and IFN-␥R2 chain (which binds Jak2) allows these two kinases to activate each other, thereby initiating a chain of phosphorylation reaction leading to the activation of the Stat1 transcription factor. To determine the effect of the lack of this chain on JAK activation, embryonic fibroblasts from either wild-type or IFN-␥R2 Ϫ/Ϫ mice were cultured with IFN-␥ for 15 min. Extracts from these cells were examined for the activation of Jak1 and Jak2. Culture of wild-type fibroblasts with IFN-␥ stimulated the phosphorylation of Jak1 and Jak2 ( Fig. 2A, lanes 1 and 2) . In contrast, Ϫ/Ϫ cells did not phosphorylate Jak1 or Jak2 in response to IFN-␥ ( Fig. 2 A, lanes 3 and 4) . These results demonstrate that IFN-␥R2 is required for the activation of both Jak1 and Jak2 in response to IFN-␥. To determine whether the lack of IFN-␥R2 also alters activation of the Stat1 transcription factor, splenocytes were isolated from both ϩ/ϩ and Ϫ/Ϫ mice and cultured with IFN-␥ for 15 min. Extracts isolated from these cells were assayed for activation of Stat1 by electrophoretic mobility shift assay using a probe from the IFN-␥-activating site of the IRF-1 promoter (17) . When cells from ϩ/ϩ mice were cultured with IFN-␥, a Stat1 DNA-binding complex was formed (Fig. 2B, lanes 1 and 2) . In contrast, IFN-␥ did not activate Stat1 DNA in the Ϫ/Ϫ splenocytes (Fig. 2B, lanes 3  and 4) . These results demonstrate that IFN-␥R2 is essential for the IFN-␥ induction of both JAK and STAT activation. Many of the biologic effects induced by IFN-␥ require the activation of gene expression. To determine whether the lack of IFN-␥R2 alters the induction of gene expression by IFN-␥, splenocytes from these mice were cultured with IFN-␥ for 2 hr and the levels of mRNA encoding several genes were examined by Northern blotting. The IRF-1 gene was expressed constitutively in splenocytes isolated from ϩ/ϩ mice and the level of this mRNA was increased upon culturing with IFN-␥ (Fig. 2C,  lanes 1 and 2) . In contrast, IRF-1 was not constitutively expressed in Ϫ/Ϫ splenocytes (Fig. 2C, lanes 3 ) nor was it expressed following incubation with IFN-␥ (Fig. 2C, lanes 4) . Similarly, IFN-␥ induced expression of GBP-1 in splenocytes from ϩ/ϩ mice, but not in Ϫ/Ϫ splenocytes. These studies demonstrate that splenocytes from the Ϫ/Ϫ mice are defective in IFN-␥-induced gene expression.
IFN-␥R2 Is Required for the Regulation of Ig Class Switching by IFN-␥. IFN-␥ has been shown to induce Ig heavy chain class switching to IgG2a, while it also inhibits class switching to IgE and IgG1 induced by IL-4 (reviewed in ref. 41) . To determine whether IFN-␥R2 is required for the IFN-␥ regulation of class switching, IgM ϩ B cells were isolated from IFN-␥R2 Ϫ/Ϫ and ϩ/ϩ mice and were cultured with LPS and different combination of IL-4 and IFN-␥ for 6 days. The supernatants from these cultures were harvested and assayed for the concentration of IgG2a, IgG1, and IgE by ELISA (Fig.  3) . B cells from ϩ/ϩ mice cultured with LPS alone produced low levels of IgG2a. When these cells were cultured with LPS plus IFN-␥, the IgG2a secretion was greatly increased. In contrast, the levels of IgG2a produced by B cells isolated from Ϫ/Ϫ mice cultured under the same conditions were much lower. These B cells produced much less IgG2a when cultured with LPS alone, and, strikingly, IFN-␥ did not induce IgG2a production in the LPS cultures of these Ϫ/Ϫ B cells (Fig. 3A) . Therefore, IFN-␥R2 was required for effective class switching to IgG2a. Examination of the IgE and IgG1 levels in these cultures also demonstrated that IFN-␥R2 was required for the IFN-␥ inhibition of IL-4-induced class switching. Thus, although IFN-␥ reduced the production of IgE and IgG1 induced by IL-4 in B cells from ϩ/ϩ mice, it did not reduce the production of IgE or IgG1 induced by IL-4 in B cells isolated from Ϫ/Ϫ mice ( Fig. 3 B and C) . added to these cultures, T cells from both mice produced large and similar amounts of IL-4 but no IFN-␥ on restimulation (Fig. 4 A and B) , demonstrating that differentiation toward a Th2 cell phenotype was not affected by the absence of the IFN-␥R2. When naive CD4 ϩ T cells from ϩ/ϩ mice were differentiated under neutral condition (i.e., in the absence of IL-4, IFN-␥, and anticytokine antibodies), the cells secreted no detectable IL-4 but large quantities of IFN-␥ on restimulation (Fig. 4 A and B, condition 1) . This was consistent with previous work that T cells cultured under this condition differentiate predominantly toward a Th1 phenotype (38) . However, when naive CD4 ϩ T cells from Ϫ/Ϫ mice were cultured under the same condition, they secreted much less IFN-␥ on restimulation (Fig. 4 A and B, condition 1) . No IL-4 was produced when T cells from either the wild-type or Ϫ/Ϫ mice were cultured under this condition. This suggested that under this ''default'' condition, T cells from Ϫ/Ϫ mice had a decreased proclivity to differentiate to Th1 cells but did not differentiate to the Th2 phenotype. To further examine Th1 cell differentiation in these mice, naive T cells were cultured with antibodies against IL-4 in the presence of either IFN-␥ or IL-12. When naive CD4 ϩ T cells from ϩ/ϩ mice were cultured with IFN-␥ and anti-IL-4 antibodies or IL-12 and anti-IL-4 antibodies, large amounts of IFN-␥ were produced (Fig. 4A, conditions 3 and 4) . In contrast, when naive CD4 ϩ T cells from Ϫ/Ϫ mice were cultured under such conditions, T cells secreted much less IFN-␥ on restimulation (Fig. 4A, conditions 3 and 4) . These results suggest that IFN-␥R2 is important for both IFN-␥-and IL-12-induced Th1 differentiation.
To determine whether IFN-␥R2 is required for antigenspecific T cell cytokine production, Ϫ/Ϫ mice and their wild-type littermates were immunized with the protein antigen keyhole limpet hemocyanin (KLH) in complete Freund's adjuvant. Ten days after immunization, local lymph node cells (LNCs) were isolated and cultured either with or without KLH for 2 days, and cytokine production was analyzed. LNCs from immunized ϩ/ϩ mice produced significant levels of IFN-␥ when restimulated in vitro with KLH (Fig. 4C, bars 1 and 2) . In contrast, the production of IFN-␥ in response to KLH was 60% lower in the LNCs isolated from the Ϫ/Ϫ mice (Fig. 4C,  bars 3 and 4) . Neither culture produced detectable IL-4. To further explore the immune response in these mice, we examined the ability of these LNCs to proliferate in response to the KLH antigen. Both the LNCs from ϩ/ϩ mice and those from Ϫ/Ϫ mice appeared to proliferate in response to the antigen equally, suggesting that the T cells from both mice could respond to the antigen (Fig. 4D) . These results are consistent with the results obtained from the in vitro culture experiment and suggest that T cells from Ϫ/Ϫ mice have a defect in generating Th1-type effector cells.
Compromised Cellular Immunity of IFN-␥R2 ؊/؊ Mice. IFN-␥ has been shown to promote cell-mediated immune responses (42) . To determine whether IFN-␥R2 is required for the IFN-␥-mediated cellular immunity in vivo, contact hypersensitivity responses were examined in both wild-type and IFN-␥R2 Ϫ/Ϫ mice. IFN-␥R2 Ϫ/Ϫ mice and their wild-type littermates were sensitized by the epicutaneous application of FITC to the shaved abdomen. Six days after sensitization, contact hypersensitivity was elicited by epicutaneous application of FITC to the ears. As an indication of the contact hypersensitivity response, thickening of ears was measured. In five different experiments, wild-type mice showed strong contact hypersensitivity responses. In contrast, Ϫ/Ϫ mice had sharply reduced contact hypersensitivity response, with 70% less ear thickening when compared with their wild-type littermates (Fig. 5A) .
IFN-␥ is important for the activation of the immune response against intracellular parasites such as L. monocytogenes (2) . The murine resistance to this microbial pathogen depends on T cell-independent and T cell-dependent mechanisms (43) . Antigen-specific T cell cytokine production in local LNCs isolated from KLH-immunized mice. Both wild-type mice (bars 1 and 2) and IFN-␥R2 Ϫ/Ϫ mice (bars 3 and 4) were immunized with KLH in complete Freund's adjuvant. The LNCs were isolated on day 10 and cultured with (bars 2 and 4) or without KLH (at 100 g/ml) for 2 days. The supernatants were then assayed for IFN-␥ production (C). The duplicated wells of cells were pulsed with 3 H on day 2 for 8 hr and proliferation was assayed on day 3 (D). The results represent the average of four independent experiments. To determine whether signaling through the IFN-␥R2 chain is required for resistance to L. monocytogenes, fifteen 8-wk-old female mice, five from each genomic background, were injected with this pathogen. At the sublethal dose all ϩ/ϩ and ϩ/Ϫ mice survived beyond 14 days, whereas all of the five Ϫ/Ϫ mice died at day 6 after injection ( Fig. 5B ). These results demonstrate that the IFN-␥R2 chain is required for an effective immune response to L. monocytogenes.
DISCUSSION
In this study, we have established an essential role for the IFN-␥R2 chain in IFN-␥ function in vivo. In cells isolated from IFN-␥R2 Ϫ/Ϫ mice, Jak2 cannot be activated by IFN-␥, presumably because it is no longer recruited into the receptor complex by the IFN-␥R2 chain. In addition, IFN-␥ cannot activate Jak1 in these cells although the IFN-␥R1 chain, which can bind IFN-␥, is expressed. The requirement for both IFN-␥ receptor chains prior to the initiation of signaling is distinct from that for some other cytokine receptor complexes that signal via two distinct receptor chains. For example, homodimerization IL-4 receptor ␣ chain, in the absence of the common ␥ chain, is sufficient for both the activation of JAK/STAT proteins and the initiation of IL-4-induced gene transcription (44) (45) (46) . These results suggest that the higher order organization of IL-4 and IFN-␥ receptor complexes may be quite distinct. Disruption of the IFN-␥R2 gene also results in a defect in IFN-␥-induced gene expression. This failure to induce transcription is likely due to the inability to activate Stat1 in these cells. It is interesting to note that the constitutive expression of IRF-1 in splenocytes is reduced in the IFN-␥R2-deficient mice. Examination of IRF-1-deficient mice has previously demonstrated that these mice contain reduced numbers of CD4 Ϫ CD8 ϩ ␣␤ T cells and defective NK cells (47, 48) . In contrast, our FACS analysis of thymocytes and splenocytes demonstrated that the ratio between CD4 ϩ CD8 (41) . Furthermore, this regulation of class switching is dependent on the ability of these cytokines to activate germ-line transcription of heavy chain genes (38) . IFN-␥ promotes IgG2a production in B cells but inhibits switching to IgE and IgG1. The experiments described above demonstrate that the induction of class switching by IFN-␥ is dependent on the expression of IFN-␥R2. This defect is likely secondary to the inability to activate germ-line transcripts from the IgG2a locus, which is a Stat1-dependent event (P.B.R., unpublished data). In B cells from these mice, IFN-␥ also fails to suppress IL-4-induced IgE and IgG1 production. Again, the ability of IFN-␥ to suppress IL-4-induced germ-line and ␥1 transcripts is also a Stat1-dependent event (P.B.R., unpublished data). Previously, IFN-␥R1-deficient mice have been shown to have a defect in antigen-specific class switching to IgG2a, which could be attributed to a defect in either B cell or T cell compartments (49) . Our study demonstrates that B cells from IFN-␥R2-deficient mice are unable to class switch to IgG2a in response to IFN-␥.
One of the important findings in these mice is that disruption of the IFN-␥R2 Ϫ/Ϫ gene alters Th1 cell differentiation. This was demonstrated both in vitro by the differentiation of naive CD4 ϩ T cells and in vivo by examining antigen-specific T cell responses. Naive CD4 ϩ T cells from wild-type mice could differentiate to Th1-type T cells either when IFN-␥ plus the anti-IL-4 antibody were added to the culture, or when IL-12 and the anti-IL-4 antibody were added to the culture. In contrast, the production of IFN-␥ in these cultures was greatly reduced when the naive CD4 ϩ T cells were isolated from the IFN-␥R2 Ϫ/Ϫ mice. The failure of IL-12 to induce potent Th1 differentiation in these cultures may be due to the inability of IFN-␥ to maintain IL-12 responsiveness in T cells from IFN-␥R2 Ϫ/Ϫ mice (50). In fact, the level of IL-12R␤2 in activated CD4 ϩ T cells from IFN-␥R2 Ϫ/Ϫ mice is lower than that of wild-type CD4 ϩ T cells (B.L., unpublished data). This is consistent with a role for IFN-␥ in the regulation of IL-12R␤2 expression (49) . Whether decreased levels of IL-12R␤2 are solely responsible for the defect in Th1 cell polarization is not clear.
Disruption of the IFN-␥R2 gene results in a severe defect in cellular immunity in mice as illustrated by assays such as contact hypersensitivity and L. monocytogenes infection. There are several steps in these immune responses that may be defective in these mice. First, macrophage activation induced by IFN-␥ is likely lacking in these mice. Another possibility is a defect in NK cell responses to the antigen challenge. Previous studies on IRF-1-deficient mice demonstrate defects in NK cell development. IRF-1 expression is reduced in the IFN-␥R2 Ϫ/Ϫ mice. Therefore, NK cells could potentially be affected in these mutant mice. Third, the ability of T helper cells to differentiate to Th1-type cells is reduced in the IFN-␥R2 Ϫ/Ϫ mice. It is possible that all of these defects contribute to the immunodeficiency in these mice.
The immune deficiencies found in IFN-␥-deficient mice, IFN-␥R1-deficient mice, IFN-␥R2-deficient mice, Stat1-deficient mice, and humans with a mutation in the IFN-␥R1 gene have many similarities (29, 49, 51, 52) . All of these defects alter the host resistance to intracellular parasites. Both humans with an early termination signal in the IFN-␥R1 gene and IFN-␥-deficient mice are susceptible to mycobacterium infection, whereas Stat1-deficient mice, IFN-␥R1-deficient mice, and IFN-␥R2-deficient mice are susceptible to L. monocytogenes infection.
Mice with deficiencies in the various components of the IFN-␥ signaling pathway appear to differ in their ability to generate a Th1 response. IFN-␥R1-deficient mice, although susceptible to Leishmania major infection, are able to generate Th1 cells (53) . IFN-␥-deficient mice, on the other hand, fail to generate Th1 cells and mount a Th2 response during L. major infection (54) . Interestingly, CD4 ϩ T cells from transgenic mice which express a dominant negative IFN-␥R1 gene could develop Th1 cells normally in the presence of IL-12 in an in vitro culture system (55) . This is different from the findings in the present study which demonstrate that cultured naive CD4 ϩ T cells isolated from IFN-␥R2-deficient mice are impaired in Th1 cell polarization even in the presence of IL-12. The development of congenic mouse strains, each lacking one of the components of the IFN-␥ signaling pathway (i.e., IFN-␥, IFN-␥R1, IFN-␥R2, or Stat1) should help to resolve these seemingly conflicting results.
